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The aim of this study was to determine the influence of the macroscopic structure of 3D printed protein bars with
chocolate fillings on instrumental texture properties and sensory perception. Protein bars with different printing
patterns (layered, rectilinear and concentric) were prepared by extrusion-based 3D printing. We found that
protein bars with concentric chocolate infill pattern were significantly harder than bars with a chocolate layer,
despite their similar chocolate content. Protein bars with a chocolate layer were significantly more cohesive than
bars with a rectilinear pattern. Differences in instrumental texture were explained using spring models. Results of
sensory ranking tests (n = 70 participants) were in good agreement with those of instrumental texture analysis.
For protein bars with 16 g/100g chocolate content, protein bars with concentric pattern were perceived as the
hardest. For protein bars with 25 g/100g chocolate content, protein bars with concentric and rectilinear patterns
were both perceived significantly harder than bars with a chocolate layer. No significant differences were found
between bars that differed in infill pattern for perceived chewiness and liking. We conclude that by changing the
macroscopic structure (printing pattern) of 3D printed protein bars with chocolate fillings, the instrumental and
sensory properties can be modified without affecting liking.

1. Introduction
3D food printing is a process that employs layer by layer deposition
of food materials according to a predesigned digital pattern. It offers
multiple advantages for food preparation such as shape customization,
personalization of nutrition (Godoi, Prakash, & Bhandari, 2016; Liu,
Zhang, Bhandari, & Wang, 2017), and the potential to modify the
structure and texture of foods in a precisely defined manner. The use of
3D printing techniques facilitates the modification of food structures on
a macroscopic length scale (>1 mm), which can affect food texture.
Various studies (Derossi, Caporizzi, Paolillo, & ; Liu, Bhandari, Prakash,
& Zhang, 2018; Liu, Dick, Prakash, Bhandari, & Zhang, 2020; Mantihal,
Prakash, & Bhandari, 2019; Noort, Van Bommel, & Renzetti, 2017;
Vancauwenberghe et al., 2018) demonstrated how macroscopic modi
fications of food structure by 3D printing can be used to alter mechanical
food properties. (Mantihal et al., 2019) investigated how variations in
infill percentage influenced instrumental hardness of 3D printed dark
chocolates. The study concluded that a higher infill percentage resulted

in harder chocolate bars. (Derossi et al., 2020) used 3D printing to vary
the pore size and void fraction in cereal snacks and demonstrated that
3D printed snacks with differences in hardness can be obtained by
modulating the number and position of cubical-shaped pores. (Liu et al.,
2020) showed that instrumental hardness and fracturability of air-fried
potato snacks decreased with decreasing infill level and dependent on
infill patterns. Apart from solid foods such as chocolates, cookies, cereal
and potato snacks, the influence of printing design on texture properties
was also studied in semi-solid food pastes (Liu et al., 2018; Vancau
wenberghe et al., 2018). (Liu et al., 2018) printed pastes of mashed
potatoes and demonstrated that instrumental hardness and gumminess
changed upon changing the infill level.
Only very few studies (Chow et al., 2021; Fahmy et al., 2021; Kistler,
Pridal, Bourcet, & Denkel, 2021; Mantihal et al., 2019; Punpongsanon
et al., 2020; Zhu, Ribberink, De Wit, Schutyser, & Stieger, 2020)
investigated how structural modifications created by 3D printing impact
consumer and sensory perception of foods. These studies explored sen
sory and oral behavioral responses (sweetness perception, texture
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preference and mastication behaviour) rather than texture perception of
3D printed foods. In contrast to numerous studies about the impact of
structure modifications on instrumental texture properties of 3D printed
foods, no study to date described the impact of structure modifications
on texture perception. This lack of data is especially surprising given
that modifications of shape and structure by 3D food printing to tailor
texture perception are often described as the major benefit of 3D food
printing.
Commercially available protein bars consist of a core of a protein
paste coated by a chocolate layer. The protein paste of these bars is often
perceived as chewy and cohesive. The addition of chocolate to protein
bars not only provides consumers with a more indulgent feeling but also
provides more diverse and pleasurable texture sensations to the product.
In commercial protein bars, typically the entire protein paste is covered
with a thin chocolate layer. With 3D printing, one has the opportunity to
distribute the chocolate differently in the protein paste. This allows to
explore the impact of the infill pattern of solid materials (chocolates) on
instrumental and sensory texture of paste like foods (protein bars).
The aim of this study was to determine the influence of the macro
scopic structure of 3D printed protein bars with chocolate fillings on
instrumental texture properties and texture perception. Protein bars
were designed, formulated and printed with different chocolate infill
patterns and infill percentages. Texture profile analysis (TPA) was per
formed to quantify the instrumental texture properties. Ranking tests
were performed to determine texture perception (hardness, chewiness)
and liking. Instrumental texture properties were correlated to sensory
texture.

Derossi, van Bommel, Noort, & Severini, 2021) was used in this study.
The preheated syringes were loaded into a 3D printer (TNO, The
Netherlands) which is shown in Fig. 1. Syringes were kept at 60 ◦ C
throughout the printing process. The nozzle diameter was 2.5 mm, and
the layer height was 1 mm. A printing speed of 4 mm/s was used for
printing.
2.3.2. Feasibility study: protein bars with air filling
A feasibility study was done to investigate the instrumental texture
properties of 3D printed protein bars with air fillings, so porous protein
bars. Table 1 shows different designs of printed protein pastes with air
fillings. These porous protein bars did not maintain their shape over time
due to the paste-like flow properties of the protein paste and were easily
deformed when handling. Even though texture differences (e.g. hard
ness) among different filling densities were observed by instrumental
measurements (data not shown), the texture differences were hardly
perceivable when protein bars were evaluated by panelists (preliminary
study, data not shown). The apparent lack of sensory discrepancy among
different infill patterns and infill densities was probably caused by the
highly chewy, paste-like protein material. Porosity in protein bars dis
appeared quickly during mastication so that texture differences become
unnoticeable. Therefore, chocolate was chosen as a solid filling material
instead of air for the protein bars used in this study.
2.3.3. Protein bars with chocolate filling
Table 2 shows the different digital printing designs and the printed
protein bars with chocolate used in this study. The 3D printing designs
were made and converted into G-Codes by using Slic3r software version
1.3.0 (Alessandro Ranellucci, Italy). The protein bar geometry was
customized and kept constant for all bars as 30 × 30 × 10 mm. Weight of
protein paste and filled chocolate are listed in Table 2. Two protein paste
infill patterns (rectilinear and concentric) and infill densities (60 and 40
g/100g infill density, which corresponds to a chocolate content of the
protein bar of 16 and 25 g/100g) were chosen for 3D printed protein
bars. Two protein bars with chocolate layers were also prepared to
mimic the design of commercial protein bars (Table 2). Infill density was
set in Slic3r and was defined as the amount of protein paste inside a print
design without taking into account the amount of protein paste used for
the perimeter. Digital top views show digital designs of perimeters
(yellow strings) and infills (red strings) of printed protein pastes.
Protein bars were printed as described in section 2.3.1. The printed
bars were stored in individual 50 mL plastic cover cups and transferred
to the 4 ◦ C fridge for cooling. The high protein chocolate was melted in a
60 ◦ C water bath before it was transferred to a 10 mL plastic syringe
having a 0.84 mm diameter nozzle (Nordson EFD). Once the printed
protein bars were cooled down, a syringe was used to add the melted

2. Materials and methods
2.1. Materials
Spray-dried instant lecithinated calcium caseinate (CaCas), whey
protein concentrate (WPC), high-fructose corn syrup (HFCS) (Tereos,
Aalst, Belgium) and medium-chain triglyceride (MCT) oil were kindly
provided by Royal FrieslandCampina N.V. (Wageningen, The
Netherlands). Glycerol was purchased from VWR International (Leuven,
Belgium). High protein chocolate (XXL Nutrition, Eindhoven, The
Netherlands) was purchased online. High protein chocolate had a pro
tein content of 27 g/100g and was used in this study as a filler for the
protein bars.
2.2. Protein paste preparation
The protein paste consisted of 18 g/100g CaCas, 23 g/100g WPC, 49
g/100g HFCS, 5 g/100g glycerol, and 5 g/100g MCT oil, which closely
resembles the formulation of commercially available protein bars. Pro
tein pastes were made in 500 g batches. HFCS was put in a 50 ◦ C water
bath for at least 15 min to lower viscosity and facilitate mixing with
other ingredients. Then HFCS was mixed with glycerol in a N50 Mixer
(Hobart Corporation, USA) equipped with a stainless-steel flat beater at
the lowest speed for 30 s. MCT oil was then added to the mixture and
mixed at the second speed for 30 s. The dry ingredients (WPC and CaCas)
were sieved before weighing to avoid lump formation during mixing.
WPC and CaCas was added to the mixture of wet ingredients and mixed
at the lowest speed until a homogeneous paste was obtained. The paste
was then manually shaped into a ball and flattened and then pressed into
a stainless-steel mold designated for the syringes used in 3D printer. The
molded pastes were pushed into syringes, which were used afterwards
for 3D printing. Before printing, syringes were heated for at least 15 min
at 60 ◦ C using a water bath.
2.3. Production of protein bars
2.3.1. 3D printing process
A TNO in-house manufactured single head 3D printer (Paolillo,

Fig. 1. Single head 3D printer (TNO, The Netherlands) used in this study.
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out of the fridge 1 h before TPA measurements. TPA measurements were
carried out using an Instron 5564 texture analyser (Illinois Tool Works
Inc, Glenview, USA). Protein bars (30 × 30 × 10 mm) were compressed
twice by a cylindrical probe (50 mm diameter). The TPA was conducted
using a 2000 N load cell with a pre-test speed of 10 mm/min, and a
trigger force of 0.1 N. A compression distance of 5 mm was chosen
corresponding to 50% strain. The testing speed during TPA analysis was
set at 60 mm/min with a holding period of 5 s between first and second
compression. The Young’s modulus was defined as the slope of the initial
linear portion of the stress-strain curve. Hardness was determined as the
maximum force of the first compression, cohesiveness as the area of
work during the second compression divided by the area of work during
the first compression. Chewiness was defined as in equation (1), where
springiness was distance of the sample height before the second
compression divided by the original compression distance. Triplicate
measurements were performed for each protein bar.

Table 1
Photos of top view of porous protein bars with different air infill densities and air
infill patterns used in the feasibility study. All 3D printed protein bars were 30 ×
30 × 10 mm.
Infill density

Rectilinear

Triangle

Concentric

70%

60%

40%

Chewiness =  Hardness  × Cohesiveness  × Springiness

(1)

To better understand the influence of the spatial distribution of
chocolate in the protein pastes on Young’s modulus and hardness,
different spring models were developed. The compression Young’s
modulus (E) is given by:
chocolate manually into the voids of the printed protein pastes.
In addition, two protein bars with a chocolate coating layer were
made. A preheated protein paste was extruded from the same 3D printer
at 60 ◦ C, and afterwards manually shaped and pressed into molds having
the same geometry as the other 3D printed protein bars. The protein
paste was extruded using the 3D printer to obtain a uniform heating and
extruding profile similar to the rectilinear and concentric protein bars.
To be time efficient, the protein paste was then manually pressed into
molds rather than 3D printed into solid cubes. Protein pastes were
cooled to 4 ◦ C in the fridge before the chocolate layer was added. The
chocolate coatings were applied in one layer on top of the bars to reach a
chocolate content of 16 or 25 g/100g based on the total weight of
chocolate protein bar.
Finally, protein bars without chocolate and chocolate bars were
prepared. The protein and chocolate bars were manually molded into
the same dimension as the other chocolate protein bars. These two bars
were only used as reference materials for the instrumental texture
analysis.

E=

σ
ε

(2)

where σ denoting compressive stress and ε describing strain in the linear
elastic region. The compressive stress is given as:
F
A

σ=

(3)

where F is the applied compressive force and A denotes contact surface
area to which the force is applied. The compressive strain is defined as:

ε=

Δh
h

(4)

where Δh is the change in height and h describes the original height of
the object. Combining equations (2)–(4) we obtain:
E=

Fh
h
= k
AΔh A

(5)

where k is the spring constant. Equation (5) shows that Young’s modulus
of an ideal elastic material is proportional to the spring constant of an
object with a defined height and cross-sectional area.
It is well known that the equivalent spring constant of two springs in
series (keq series ) is:

2.4. Texture profile analysis (TPA)
Printed protein bars that were prepared according to the procedure
described in section 2.3.3 were stored at 4 ◦ C overnight and were taken

Table 2
Overview of protein bars with chocolate fillings. All 3D printed protein bars with chocolate were 30 × 30 × 10 mm. Protein and chocolate weight are reported per
printed bar.

3D printing infill
density (%)
Weight protein paste
(g)
Weight chocolate (g)
Digital top view of
printed protein paste

16 g/100g chocolate
Rectilinear

25 g/100g chocolate
Rectilinear

16 g/100g chocolate
Concentric

25 g/100g chocolate
Concentric

16 g/100g chocolate
Layered

25 g/100g chocolate
Layered

60

40

60

40

–

–

9.2

7.9

9.2

7.9

9.2

7.9

1.7

2.7

1.7

2.7

1.7
–

2.7
–

3D printed protein
bars with chocolate
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and the equivalent spring constant of two springs in parallel (keq
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between 16 and 25 g/100g chocolate content protein bars with same
infill pattern were determined by independent samples t-tests. Results of
the ranking tests (liking, hardness, chewiness) were reported as mean
ranks. Significant differences between samples in ranks of liking, hard
ness and chewiness were determined using Friedman tests followed by
post-hoc Wilcoxon signed-rank tests. Spearman-Rho correlation tests
were performed to determine significant correlations between different
attributes (liking, hardness and chewiness). A significance level of p <
0.05 was chosen for all data analysis.

(6)
parallel )

(7)

where k1 and k2 represent the spring constants of individual springs.
2.5. Sensory study – ranking tests

3. Results and discussion

2.5.1. Participants
A total of n = 70 untrained participants (43 females, 27 males;
average age: 26 ± 5 years) were recruited via flyers and social media.
Participants were mainly students from Wageningen University and
were required to be not allergic to soy or dairy products. Participants
were naive to the purpose of the study. Participants were financially
reimbursed for their participation. All participants gave written
informed consent. The study was conducted in accordance with the
Declaration of Helsinki (2013). The study did not fall within the remits
of the Medical Research Involving Human Subjects Act (WMO) as out
lined by the Central Committee on Research Involving Human Subjects
(CCMO) of The Netherlands.

3.1. Texture profile analysis of protein bars
Fig. 2 shows the results of the instrumental texture analysis of the 16
and 25 g/100g chocolate protein bars with layered, rectilinear and
concentric pattern. For the 16 g/100g chocolate protein bars, the dif
ferences in Young’s moduli were not significant (p = 0.13) despite small
differences in their means (Fig. 2A). A trend is apparent that suggests
that the Young’s modulus might increase from layered to rectilinear to
concentric pattern (Fig. 2A). Section 3.2 describes different spring
models which were developed to understand and predict the texture
properties, especially the Young’s modulus, of the 3D printed protein
bars filled with chocolate. Protein bars with concentric pattern had
significantly higher hardness than protein bars with rectilinear pattern
(p < 0.01) and protein bars with a chocolate layer (p < 0.01) (Fig. 2B). It
can be seen in Fig. 2A and B that a higher Young’s modulus corre
sponded to higher hardness. It is worth mentioning that the hardness of
protein bars with a concentric pattern was higher than that of protein
bars with a rectilinear pattern. (Liu et al., 2018) observed that hardness
of mashed potatoes filled with air was not influenced by filling pattern. A
possible explanation for this discrepancy is that the infill materials for
the pastes were different in both studies. Here, the filling material for the
protein paste was chocolate, which was harder than the protein paste
matrix, while (Liu et al., 2018) used air as a filling material for mashed
potatoes. The cohesiveness of protein bars with a chocolate layer was
significantly higher than that of protein bars with a rectilinear pattern
(p < 0.01) and a concentric pattern (p < 0.01) (Fig. 2C). The cohe
siveness of pure protein paste bars and pure chocolate bars were 0.075
(− ) and 0.038 (− ), respectively. The higher cohesiveness of the pure
protein paste indicated a higher strength of internal bonds compared to
those in chocolate (Tuoc and Glasgow, 2012). It is likely that the dis
tribution of chocolate in the protein bars with a rectilinear or concentric
pattern disrupted the integrity of the protein paste leading to a reduced
number of the strong protein paste internal bonds compared to protein
bars with a chocolate layer. Protein bars with a chocolate layer had the
highest chewiness, which was significantly higher (p < 0.05) than that
of protein bars with a rectilinear pattern (Fig. 2D). The higher chewiness
of protein bars with a chocolate layer was largely attributed to its higher
cohesiveness.
For the 25 g/100g chocolate protein bars, no significant differences
in Young’s moduli (p = 0.097) were observed between layered, recti
linear and concentric pattern. Young’s moduli of protein bars with
concentric and rectilinear pattern tended to be higher than that of
protein bars with a chocolate layer (Fig. 2A). Protein bars with a
concentric pattern were significantly harder than protein bars with a
chocolate layer (p < 0.05) (Fig. 2B). The cohesiveness of protein bars
with a chocolate layer was significantly higher than that of protein bars
with a rectilinear pattern (p < 0.05) (Fig. 2C). As discussed above,
chocolate distributed in protein bars with a rectilinear pattern disrupted
the protein paste phase, resulting in a reduced cohesiveness. No signif
icant differences were found in chewiness among the 25 g/100g choc
olate protein bars (Fig. 2D).
An increase of the chocolate content from 16 to 25 g/100g did not
significantly change Young’s modulus of protein bars with layered (p =
0.695), rectilinear (p = 0.197) or concentric (p = 0.136) pattern

2.5.2. Stimuli
Three 16 g/100g chocolate protein bars (layered, concentric, and
rectilinear pattern), and three 25 g/100g chocolate protein bars
(layered, concentric and rectilinear pattern) were offered to the partic
ipants in the sensory study (Table 2). Protein bars were prepared one day
before sensory evaluation according to section 2.3.3 and stored over
night at 4 ◦ C. Protein bars were removed from the fridge 1 h before the
sensory sessions. Protein bars were cut into half using a scalpel to obtain
two pieces with dimensions of 30 × 15 × 10 mm. This sample dimension
was chosen to standardize bite size during the sensory evaluations. The
standardized bite size was determined in a pilot study (n = 25). All
samples were labelled with random 3-digit codes.
2.5.3. Procedure
Participants attended one sensory session of 30 min. Two series of
ranking tests were performed in a meeting room at Wageningen Uni
versity. In the first series, three 16 g/100g chocolate protein bars
(layered, rectilinear, concentric) were provided to the participants.
Participants were instructed to put the whole piece (30 × 15 × 10 mm)
into their mouth, with the chocolate layer/pattern facing upwards, and
bite with their molars. Between samples, participants were asked to
rinse their mouth with water to clean the palate. After tasting three
protein bars, participants were asked to rank the three protein bars for
liking, hardness and chewiness from most (1st rank) to least (3rd rank).
Ties were not allowed, so participants had to assign each sample to one
rank. Liking was defined as overall preference for a protein bar. Hard
ness was defined as the force required to bite through the bar in the first
few chews. Chewiness was defined as the mastication effort needed to
chew the bar to a state that is ready for swallowing. Participants could
re-taste a protein bar if needed. The serving order of bars in each round
was fully randomized over the participants. In the second series of
ranking tests, three 25 g/100g chocolate protein bars, (layered, recti
linear, concentric) were evaluated by the participants. The same pro
cedure was followed as in the first ranking series.
2.5.4. Data analysis
Data analysis was done in IBM SPSS statistics (version 25). Signifi
cant differences among samples for the TPA parameters (Young’s
modulus, hardness, cohesiveness, chewiness) were determined using
one-way ANOVA followed by Tukey post-hoc test for 16 and 25 g/100g
chocolate content protein bars separately. Significant differences
4
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Fig. 2. Young’s modulus (A), hardness (B), cohesiveness (C), and chewiness (D) of 16 and 25 g/100g chocolate protein bars with layered ( ), rectilinear ( ) and
concentric ( ) filling pattern. Error bars indicate standard error of the mean. Significant differences are indicated by * (p < 0.05) and ** (p < 0.01). Significant
differences between samples differing in infill pattern but with same chocolate content (16 or 25 g/100g) were determined separately using one-way ANOVA
followed by Tukey post-hoc tests. Significant differences between 16 and 25 g/100g chocolate content protein bars with same infill pattern were determined by
independent samples t-tests.

(Fig. 2A). 25 g/100g chocolate content protein bars with concentric
pattern were significant harder (p = 0.017) than 16 g/100g chocolate
content protein bars with concentric pattern. No significant differences
were observed for hardness of protein bars with a chocolate layer (p =
0.052) and with rectilinear pattern (p = 0.055) when an increase of
chocolate content from 16 to 25 g/100g, yet a trend towards increased
hardness with higher chocolate content was apparent (Fig. 2B). Cohe
siveness of protein bars was hardly influenced by chocolate content,
regardless of the chocolate distribution pattern (Fig. 2C). A significant
increase in chewiness was found for protein bars with rectilinear (p =
0.018) and concentric (p = 0.044) patterns when increasing chocolate
content from 16 to 25 g/100g, while chewiness of protein bar with a
chocolate layer was not significantly influenced (p = 0.269).

The Young’s modulus of the protein paste without chocolate and the
Young’s modulus of pure chocolate bar were 1.22 ± 0.32 MPa and 4.32
± 0.60 MPa, respectively.
3.2. Explanation and discussion of instrumental texture properties using
spring models
Fig. 3 shows a schematic drawing of spring models and side-cut
images of layered and concentric protein bars with 16 and 25 g/100g
chocolate content. These spring models were developed to understand
and predict the Young’s modulus of the 3D printed protein bars filled
with chocolate described in section 3.1,. If we assume that the protein
paste and chocolate have a similar density, the volume fractions of

Fig. 3. Schematic drawing of spring models and side-cut images of protein bars. (A) In-series spring model and side-cut image of 16 g/100g chocolate protein bar
with a chocolate layer, and (B) in-parallel spring model and side-cut image of 16 g/100g chocolate protein bar having a concentric pattern.
5
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protein paste were 84% and 75% for protein bars with 16 and 25 g/100g
chocolate content, respectively. For protein bars with a top chocolate
layer, the overall spring constant can be approximated as two springs in
series with a small spring representing the chocolate and a larger spring
representing the protein paste (Fig. 3A). Table 3 shows calculated spring
constants for the chocolate, protein paste and the total spring constant
for protein bars with different chocolate content (16 and 25 g/100g) and
chocolate distribution patterns (layered and concentric). Spring con
stants of protein bars with layered structures were calculated based on
equation (6). The calculated theoretical Young’s moduli were 0.68 MPa
and 0.74 MPa for 16 and 25 g/100g chocolate content protein bars,
respectively. For protein bars with chocolate distributed in a concentric
pattern, the overall spring constant can be considered to depend on two
separate springs representing the protein paste and chocolate filling
acting in parallel (Fig. 3B). Spring constants of protein bars with
concentric structures were calculated based on equation (7). The
calculated theoretical Young’s moduli were 1.71 MPa and 2.00 MPa for
16 and 25 g/100g chocolate content concentric protein bars, respec
tively. These calculated theoretical Young’s moduli values matched with
experimentally determined Young’s moduli.
For protein bars with a rectilinear pattern, the filled chocolate could
flow in both perpendicular and parallel directions between printed
protein paste strings. Therefore, the spring model for rectilinear protein
bars would probably be a combination of in-series springs and inparallel springs. The theoretical Young’s modulus of the rectilinear
protein bar probably has a value in between that of protein bars with
layered and concentric pattern.

Table 4
Mean ranks and p- values of ranking tests (n = 70) of 16 g/100g chocolate
protein bars differing in infill pattern. Lower mean ranks indicate protein bars
that are perceived as more liked, harder and chewier.

Liking
Hardness
Chewiness

Table 3
Calculated spring constants for chocolate, protein paste and total spring con
stants for protein bars with different chocolate content (16 and 25 g/100g) and
different chocolate distribution patterns (layered and concentric).
Concentric 16
g/100g
chocolate

Concentric 25
g/100g
chocolate

kchocolate part
(MPa)

0.72

0.81

1.02

0.92

kprotein part
(MPa)

13.5

8.64

0.69

1.08

ktotal theory
(MPa)

0.68

0.74

1.71

2.00

Eexperimental
(MPa)

0.70

0.75

1.30

2.00

Concentric

p-value

2.09
2.17
2.03

2.11
2.06
2.03

1.80
1.77
1.94

0.121
0.051
0.842

3.3.2. Comparison of protein bars with 25 g/100g chocolate content
The mean ranks of liking, perceived hardness and perceived chewi
ness of 25 g/100g chocolate protein bars are shown in Table 5. No sig
nificant differences were observed for liking between protein bars (χ2
(2) = 3.543, p = 0.17). Significant differences in perceived hardness
were found between protein bars (χ2(2) = 37.829, p = 0.000). Protein
bars with a layered pattern were perceived significantly less hard than
protein bars with a rectilinear (Z = − 4.802, p = 0.000) and a concentric
pattern (Z = − 5.000, p = 0.000). Perceived hardness did not signifi
cantly differ between protein bars with rectilinear and concentric
pattern (Z = − 0.186, p = 0.852). It seems that the sensory results of
hardness perception did not fully comply here with the results from the
instrumental texture measurements in the sense that instrumental
hardness did not significantly differ between protein bars with layered
and rectilinear pattern (p = 0.130) (Fig. 2B). Nevertheless, it is apparent
that a large difference in average hardness (>100 N) existed between
these two protein bars. The lack of significance of the instrumental
hardness measurements might be caused by the fact that only three
replicate measure were performed. No significant differences were
observed for perceived chewiness between protein bars (χ2(2) = 4.2, p
= 0.122).
A significant but weak, negative correlation was found between

3.3.1. Comparison of protein bars with 16 g/100g chocolate content
The mean ranks of liking, perceived hardness and perceived chewi
ness of 16 g/100g chocolate protein bars with layered, rectilinear and
concentric pattern are shown in Table 4. No significant differences were
observed for liking between protein bars (χ2(2) = 4.229, p = 0.121).
Protein bars with a concentric pattern tended to be perceived harder
than protein bars with layered and rectilinear patterns (χ2(2) = 5.943, p
= 0.051). The perceived hardness of protein bars is in good agreement
with the instrumentally determined hardness (Fig. 2B). Protein bars
with layered structure had comparable instrumental hardness as protein
bars with rectilinear pattern. Similarly, to perceived hardness, instru
mental hardness values of layered and rectilinear bars were lower than
instrumental hardness of protein bars with concentric pattern. No sig
nificant differences were observed for chewiness between protein bars
(χ2(2) = 0.343, p = 0.842). Unlike hardness, perceived chewiness was
not in agreement with instrumental chewiness determined instrumen
tally (Fig. 2D). This discrepancy between perceived and instrumental
chewiness is not surprising. Perceived chewiness was defined as the
mastication effort needed to chew a bar to a state ready for swallowing,

Layered 25
g/100g
chocolate

Rectilinear

while the determination of chewiness using the instrumental texture
analysis was based on two compression cycles of 50% strain. It is very
unlikely that a protein bar could reach a state ready for swallowing with
only two mastication cycles. Oral mastication is a more complex process
since saliva is incorporated into the protein bar bolus upon mastication
leading to lubrication of the bolus (van Vliet, van Aken, de Jongh, &
Hamer, 2009). These processes are not mimicked by the instrumental
texture analysis.
A significant but weak, negative correlation was found between
liking and chewiness (ρ = − 0.136, p = 0.05), indicating that a chewier
protein bar was less preferred by consumers. A significant but weak,
positive correlation was observed between hardness and chewiness (ρ =
0.193, p = 0.005), which suggests that harder protein bars were
perceived as chewier. No significant correlations were found between
liking and hardness (ρ = − 0.014, p = 0.084).

3.3. Sensory evaluation

Layered 16
g/100g
chocolate

Layered

Table 5
Mean ranks and p- values of ranking tests of 25 g/100g chocolate protein bars
differing in infill pattern. Lower mean ranks indicate protein bars that are
perceived as more liked, harder and chewier.

Liking
Hardness
Chewiness

6

Layered

Rectilinear

Concentric

p-value

2.14
2.60a
2.19

2.03
1.69b
1.84

1.83
1.71b
1.97

0.170
<0.001
0.122
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liking and chewiness (ρ = − 0.171, p = 0.013) for the protein bars with
25 g/100g chocolate, which aligns with results obtained with protein
bars containing 16 g/100g chocolate. A consumer study done by (Lun
dahl, 2014) also suggested that a chewy texture of energy bars was less
preferred by consumers. In addition, a significant but also weak, positive
correlation was found between hardness and chewiness (ρ = 0.193, p =
0.005). No significant correlation was found between liking and hard
ness (ρ = − 0.064, p = 0.354).
As mentioned previously, modifications on instrumental texture
properties of 3D printed foods has been demonstrated by numerous
studies, yet no study explored the impact of these structure modifica
tions on sensory texture perception. To the best of our knowledge, this
study reports for the first time results of analytical sensory texture
evaluations of 3D printed foods. Results from this sensory study
demonstrated that 3D printing is a promising tool to control sensory
perception of protein bars filled with chocolate for a different texture
attributes. By modifying the spatial distribution of solid chocolate in
paste-like protein bars, sensory texture can be modified without
affecting consumers liking. For paste-like, chewy foods like protein bars,
the approach to use solid materials rather than air as filling material to
modify texture perception is promising.
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4. Conclusion
The aim of this study was to determine the influence of the macro
scopic structure of 3D printed protein bars with chocolate fillings on
instrumental texture properties and texture perception. We demon
strated that instrumental and sensory texture of semi-solid, paste-like
foods can be modified by filling them with solid foods like chocolate.
Protein bars with a composition that closely resembles formulations of
commercially available recipes were used in this study. The instru
mental texture analysis revealed significant differences among protein
bars with different patterns. We proposed different spring models to
better understand the impact of the spatial distribution of chocolate on
Young’s modulus and hardness of protein bars with different patterns.
Such spring models can be used to predict texture properties of semisolid materials in the future. Results of the sensory study were in good
agreement with instrumental texture analysis results. To the best of our
knowledge, this is the first study that explored sensory properties of 3D
printed food pastes. This study demonstrated that by changing the
macroscopic structure (printing pattern) of 3D printed foods, so by
modifying the spatial distribution of solid chocolate in paste-like protein
bars, both instrumental and sensory texture can be modified without
affecting consumers liking. Thus, modifications of shape and structure
by 3D food printing can be used to tailor texture perception of 3D
printed foods. While this is not unexpected, to the best of our knowledge
this is the first time that this benefit of 3D food printing has been
demonstrated and supported with experimental data.
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